1. Introduction {#sec0001}
===============

Head and neck cancers are regarded as the sixth most in cancer patients worldwide with approximately 700 000 new cases a year and 1.9% of all cancer deaths rate each year [@bib0001]. More than 90% of head and neck cancers are originated at the mucosal surfaces of oral cavity, oropharynx and larynx regions [@bib0002] while more than 65% of oral cancer cases are diagnosed and treated after progressing to advance stages [@bib0003]. The incident rate of new oral cancer case of male is nearly twice as female. The tobacco use, alcohol consumption, betel nut chewing, human papilloma virus infection, dentures wearing and poor oral hygiene are risk factors of oral cancer. Surgery, chemotherapy and radiation therapy are commonly used for oral cancer treatment. In general, chemotherapeutic agents should be the first choice drug for metastatic oral cancer treatment. Unfortunately, normal cells are affected, leading to systemic adverse effects and low patient acceptance. Moreover, chemotherapy is expensive and is also affected by cancer drug resistance. Early diagnosis or treatment using topical products that could eradicate newly formed cancer cells at the surface site might therefore be a better choice to avoid above mentioned disadvantages.

Spearmint oil (SMO), obtained from *Mentha spicata* leave, is one of the commonly used essential oils for oral care products. The main active components of SMO are terpene derivatives including carvone (70%) and limonene (15%) [@bib0004] which demonstrate various pharmacological properties [@bib0005], [@bib0006] including anti-inflammatory, antispasmodic, antioxidant, antibacterial, antifungal, and antitumor activities. Regarding anticancer activity, SMO has been revealed for cytotoxicity against a variety of tumor cells including human mouth epidermal carcinoma, murine leukemia [@bib0007], human epithelial type 2 [@bib0008] and human breast adenocarcinoma cell line [@bib0009] so it might be a safe and potential cytotoxic agent for cancer treatment, especially for local therapeutic of oral cancer. Nevertheless, SMO shows a limited water solubility and inadequate biocompatibility in form of native oil and therefore need a water compatible carrier with high oil loading for targeting SMO to cancer cell.

Nanoemulsions are colloidal systems which are widely applied in diverse areas including drug delivery systems. They offer several advantages as good carriers for lipophilic drugs [@bib0010] such as high drug loading, kinetically stable, safe and promoting drug absorption. Additionally, the abilities of nanoemulsions to enhance permeability of cytotoxic drugs such as piplartine [@bib0011], carvone and isoniazid [@bib0012] into cancer cells including breast cancer, melanoma and colon cancer have been reported.

Formation of nanoemulsions has been successfully achieved by several fabrication technics including high and low energy method. The high energy method needs large mechanical force and energy for droplet size reduction while low energy method forms nanoemulsions through changing properties of system [@bib0013]. The high energy method demonstrates several good aspects in terms of easily formed nanoemulsions and scalability, however it still shows some disadvantages including cost of specialized equipment and generation of excessive heat that sometimes affects the stability of drugs. With regard to this concern, the phase inversion temperature (PIT) method which is one of low energy method, has been widely accepted for preparation of stable nanoemulsions [@bib0014]. Nevertheless, the formation and properties of corresponding nanoemulsions by this method have been largely influenced by the process and formulation parameters which need to be carefully elucidated in order to obtain the specific conditions for each active component [@bib0015].

Therefore, the purpose of this study was to evaluate the feasibility of nanoemulsions as carrier for targeting SMO to oral cancer cell. Parameters affecting the formation and physical properties of nanoemulsions through phase inversion method including type and amount of surfactants, oil loading, and ratio of SMO to virgin coconut oil (VCO) were investigated. Furthermore, the cytotoxic against a human oral squamous carcinoma cell line (KON) of optimal nanoemulsions was also elucidated.

2. Materials and methods {#sec0002}
========================

2.1. Materials {#sec0003}
--------------

Spearmint oil (SMO, Lot NO.116BA290), Eumulgin^®^CO60 (PCO60, ANA NO.15090113) and Brij^®^72 (PAE2, ANA NO.16110005) were kind gifts from Greater Pharma, Thailand. Virgin coconut oil (VCO, Lot No. SS54/06177-01) was obtained from Tropicana oil, Thailand. Brij^®^ 30 (PAE4, Lot NO.1/2157275), Cremophor^®^ RH40 (PCO40, Lot NO.1640292400), Tween^®^20 (PSF20, Lot No. G190074), Tween^®^60 (PSF60, Lot No. G178174) and Tween^®^80 (PSF80, Lot NO. 1324202301081466) were purchased from P.C. drug center, Thailand. Cremophor^®^A25 (PAE25, Lot NO.5411-05) and Kolliphor^®^ EL (PCO35, Lot NO.31163947G0) were received from BASF. The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT, Lot NO.39H5076) was purchased from SIGMA. Human oral squamous cancer cell (KON, Lot NO.01262007) derived from metastatic site (cervical lymph node) was obtained from JCRB cell bank. All other chemicals were of reagent grade and used as received. The structures of investigated surfactants are presented in [Fig. 1](#fig0001){ref-type="fig"}.Fig. 1Chemical structures of the surfactants in current study.Fig 1

2.2. Preparation of nanoemulsions {#sec0004}
---------------------------------

The nanoemulsions containing SMO-VCO blended oils were prepared by phase inversion temperature method as previously described \[[@bib0016],[@bib0017]\]. Briefly, an oil phase composed of predetermined weights of SMO, VCO and surfactant was mixed and heated to 62 °C. The oil phase was added into the water phase which was previously heated at 65 °C and then homogenized at 3800 rpm for 5 min using a homogenizer (IKA T25 digital, Staufen, Germany) and before cooling down to room temperature. The investigated factors for each emulsion are summarized in [Table 1](#tbl0001){ref-type="table"}.Table 1Composition of each emulsion used in the study.Table 1\
Factors studiedSurfactants\* (%, w/w)Oil (%, w/w)Water (%, w/w)PAE2PAE4PAE25PSF20PSF60PSF80PCO35PCO40PCO60SMOVCO[Type of surfactants]{.ul}10.0----------------5.05.080.0--10.0--------------5.05.080.0----10.0------------5.05.080.0------10.0----------5.05.080.0--------10.0--------5.05.080.0--------10.0------5.05.080.0------------10.0----5.05.080.0--------------10.0--5.05.080.0----------------10.05.05.080.0[Amount of PCO40]{.ul}--------------2.5--5.05.087.5--------------5.0--5.05.085.0--------------10.0--5.05.080.0--------------20.0--5.05.070.0[Amount of oil]{.ul}--------------5.0--2.52.590.0--------------5.0--5.05.085.0--------------5.0--7.57.580.0--------------5.0--10.010.075.0--------------5.0--12.512.570.0--------------5.0--15.015.065.0--------------5.0--17.517.560.0--------------5.0--20.020.055.0[Ratio of SMO:VCO]{.ul}--------------10.0--10.0--80.0--------------10.0--9.01.080.0--------------10.0--8.02.080.0--------------10.0--7.03.080.0--------------10.0--6.04.080.0--------------10.0--5.05.080.0--------------10.0--4.06.080.0--------------10.0--3.07.080.0--------------10.0--2.08.080.0--------------10.0--1.09.080.0--------------10.0----10.080.0[^1][^2][^3]

The obtained emulsions were then comparatively evaluated for their physical stability including the presence of creaming or cracking, droplet size and morphology. The optimized nanoemulsions were selected for further cytotoxicity test.

2.3. Visual observation of cracking and creaming {#sec0005}
------------------------------------------------

A 30 ml of each nanoemulsion was placed into a glass bottle with a screw cap (height 65 mm and 25 mm internal diameter), left standing at 25 ± 2 °C for 1 d and then observed for physical appearance. Cracking was referred as a permanent separation of dispersed phase indicated by the oil layer at the top of emulsions and denoted as physical instability. In case the emulsions were separated into cream and serum layers, the percent creaming was determined by measurement of the height of cream layer (top layer) and total height of emulsions [@bib0018] as expressed in [Eq. (1)](#eqn0001){ref-type="disp-formula"}. $$\text{Creaming}\;\left( \% \right) = 100 \times \frac{\text{Height}\;\text{of}\;\text{cream}\;\text{layer}}{\text{Total}\;\text{height}\;\text{of}\;\text{emulsion}}$$

The temperature cycling test was also performed for all nanoemulsions to elucidate their physical stability. Each emulsion was alternatively kept at 4 °C for 24 h and 45 °C for 24 h. The temperature cycle was repeated for 6 times and then the samples were checked for physical appearance as compared to initial. All measurements were run in triplicate.

2.4. Droplet size determination {#sec0006}
-------------------------------

The droplet size of nanoemulsions was evaluated using either dynamic light scattering (Zetasizer Nano-ZS, Malvern Instruments, UK) or laser particle size analyzer (LA-950, Horiba, Japan). The nanoemulsions with the diameter of oil droplet size less than 100 nm were measured using Nano-ZS particle size analyzer while those of larger than 100 nm were evaluated by LA-950 particle size analyzer. Each sample was analyzed in triplicate.

2.5. Characterization of oil droplets {#sec0007}
-------------------------------------

The morphology of internal phase of emulsions was characterized by either optical microscopy or atomic force microscopy (AFM). In case of emulsions with micron size droplets, the measurement was performed by optical microscope (CX41 RF, Olympus, Japan). Each sample was directly placed on the slide and visually observed through the digital eye piece (AM423X, ANMO Electronic, Taiwan). The AFM (Nanowizard III, JPK, Germany) was used for evaluation of emulsions with submicron size droplets, especially lower than 100 nm. All samples were diluted 10 times with deionized water. 3 µl of each diluted sample was dropped on a freshly cleaved mica disk and dried at room temperature in a fume hood. After 24 h, the dried samples were examined using the tapping mode by nano-probe cantilever tip (NSG11/TiN/20, NT-MDT, Russia). The images were scanned at 4 µm x 4 µm.

2.6. ^1^H-^1^H (NOESY) NMR spectroscopy {#sec0008}
---------------------------------------

The nanoemulsions containing SMO-VCO blended oils were prepared by the same method as described in [Section 2.2](#sec0004){ref-type="sec"} but distilled water was substituted by deuterium oxide (D~2~O) at the same volume. Other related substances including PCO40 were dissolved in D~2~O. Nuclear magnetic resonance (NMR) spectroscopy analysis was performed using a Varian 700 MHz NMR spectrometer (Agilent Technologies Inc., USA) with an HCN probe operating at 699.7 MHz. The other measurement conditions were a mixing time of 0.15 sec, a pulse width of 90%, a relaxation delay of 1.0 sec, a scan time of 0.500 sec, and a temperature of 25 °C. All samples were measured under the same conditions.

2.7. Cytotoxicity test {#sec0009}
----------------------

The KON cell line was grown using a DMEM cell culture medium supplemented with 10% v/v fetal bovine serum (FBS) and 0.01% (v/v) [l]{.smallcaps}-glutamine solution. The cell suspensions were incubated at 37 °C in a 5% CO~2~ incubator (KBF-240, Binder, Germany).

The anticancer properties of optimized nanoemulsions were evaluated by MTT assay. The KON cell line (3 × 10^4^ cell/well) was treated with each nanoemulsion containing different amounts of SMO in a 96 well culture plate for 24 h. Each emulsion was diluted with DMEM cell culture medium to 4, 2, 1%, 0.5%, 0.25%, 0.125%, 0.0625%(v/v) in each well (total volume in each well was 100 µl). The 20 µg/ml 5-FU solution was selected as a positive control. After incubation, the samples were removed and 50 µL of MTT solution was added to the culture plates (final concentration of MTT solution was 0.5 mg/ml). The plates were covered for light protection using aluminum foil and further incubated at 37 °C in 5% CO~2~ for 3 h. The purple formazan of cell production was dissolved by adding 50 µl of DMSO to each well. The cell viability was monitored using absorbance at 570 nm (BP800, BIOHIT Plc, Finland). The data were recorded and analyzed for the mean values and the standard deviation. The percentage of cell viability was calculated by the following [Eq. (2)](#eqn0002){ref-type="disp-formula"} $$\text{Cell}\;\text{viability}\;\left( \% \right) = 100 \times \frac{\text{Mean}\;\text{absorbance}\;\text{of}\;\text{treated}\;\text{cell}}{\text{Mean}\;\text{absorbance}\;\text{of}\;\text{untreated}\;\text{cell}}$$

2.8. Cell morphology {#sec0010}
--------------------

The influence of nanoemulsions on KON cell lines was studied by a bright field microscopy. The cells were incubated with 0.34% (v/v) (IC~60~) and 0.46% (v/v) (IC~80~) of SMO-VCO (80:20) nanoemulsions for 24 h and then observed for morphological changes. The cells without treated and treated with 20 µg/mL 5-FU were used as negative control and positive control, respectively. The images were collected with 200x by a digital camera (DP22, Olympus, Japan).

Additionally, the influence of SMO-VCO nanoemulsions on nucleus fragmentation was determined by staining the cells with DAPI probes (4′, 6-diamidino-2-phenylindole, dihydrochloride). KON cells were treated with 0.34% (v/v) (IC~60~) SMO-VCO (80:20) nanoemulsions for 24 h. A solution of 20 µg/mL 5-FU was used as the positive control. After washing with phosphate buffered saline (PBS), cells were fixed in 4% (v/v) paraformaldehyde for 10 min, permeabilized with 0.2% (v/v) Triton-X-100 and stained with 300 nM DAPI for 10 min in the dark cabinet. The resulting cells were rewashed with PBS and observed using an inverted fluorescent microscope (ECLIPSR Ts2, Nikon, Japan) with blue filters.

2.9. Statistical analysis {#sec0011}
-------------------------

Statistical analysis was performed using the SPSS software version 10.0 for Windows (SPSS Inc., Chicago, IL, USA). The data were computed using one-way ANOVA analysis followed by Tukey\'s test at the 95% confidence level.

3. Results and discussion {#sec0012}
=========================

3.1. Effect of type of surfactants on physical stability of SMO-VCO emulsions {#sec0013}
-----------------------------------------------------------------------------

The formation of stable emulsions is dependent on the coverage of surfactants at the interfacial site of dispersed phase which is mainly influenced by the molecular structure of both surfactant and dispersed phase [@bib0019]. In case of O/W nanoemulsions, surfactants which have a relatively high hydrophilic--lipophilic balance (HLB) value are required for emulsion stabilization. Nevertheless, HLB alone is not a complete factor that could explain the stabilization process. The emulsions might show different properties such as physical appearance, size and size distribution although the surfactants which have relatively the same HLB values are used [@bib0020]. In this study, nonionic surfactants with different HLB values and molecular structure, i.e. polar head size, lipophilic chain length and configuration were selected from the groups of polyoxyethylene alkyl ethers, PAE (PAE2, PAE4, PAE25), polyoxyethylene sorbitan fatty acid esters, PSF (PSF20, PSF60, PSF80), and polyoxyethylene castor oils, PCO (PCO35, PCO40, PCO60) which are categorized in Generally Regarded as Safe (GRAS)[@bib0021]. The nanoemulsions with different surfactants were prepared and comparatively evaluated for their physical stability as shown in [Figs. 2](#fig0002){ref-type="fig"} and [3](#fig0003){ref-type="fig"}. The emulsions prepared from the PAE group showed physical instability as compared with other groups which were indicated by cracking (PAE2, PAE4) and lower percent creaming (PAE25) ([Fig. 2](#fig0002){ref-type="fig"}). However, the stable emulsions with 100% creaming was observed in those containing PSF or PCO, except for emulsions containing PSF20. Additionally, the nanoemulsions containing PCO35 or PCO40 showed more optical transparency. The results suggested the influence of molecular structure of surfactants on formation and properties of nanoemulsions.Fig. 2Physical stability of SMO-VCO (50:50) nanoemulsions containing different surfactants as indicated by percent creaming (A) and appearance (B).Fig 2Fig. 3Droplet size of SMO-VCO (50:50) nanoemulsions containing different surfactants before and after temperature cycling.Fig 3

In order to further investigate the properties of nanoemulsions and their physical stability, the critical attribute i.e. droplet size was determined both before and after accelerated through temperature cycling. The droplet size of emulsions containing PSF60, PSF80, PCO35, PCO40 and PCO60, which demonstrated 100% creaming, are illustrated in [Fig. 3](#fig0003){ref-type="fig"}. The prepared nanoemulsions from PCO showed smaller droplet size than those fabricated from PSF. The droplet size of below 80 nm was observed when using PCO40 (60.1 ± 0.8 nm) and PCO35 (55.8 ± 0.2 nm) which were in accordance with the optical transparency. After temperature cycling, droplet size of all formulations, except those containing PCO40, showed a tendency to increase. The result was well correlated with previous reports [@bib0022], [@bib0023], confirming the impact of molecular structure of surfactant on formation of nanoemulsions. Additionally, the finding revealed that PCO40 was the most suitable surfactant for emulsions composed of SMO-VCO as oil phase and therefore were selected for the rest of the study.

According to the physical stability described above, PAE which possesses a polar head of linear polyoxyethylene chain with less complexity demonstrated the least stable nanoemulsions as compared to those prepared from PSF or PCO which had a multiple and complex hydrophilic polyoxyethylene chains. Additionally, PAE25 which had the longest polyoxyethylene chain among the PAE groups could give more stable emulsions as compared to PAE2 and PAE4. The results implied that droplets of SMO-VCO blend oils needed relatively large polar hydrophilic head of surfactants to prevent them from coalescence [@bib0024].

The configuration of a hydrophobic chain also affected the formation and properties of SMO-VCO nanoemulsions. With the same polar head, nanoemulsions prepared from PSF80 or PSF60 with hydrophobic carbon chain length of 18 indicated more stability as compared to those prepared from PSF20 with carbon chain length of 12. Additionally, the bend structure of hydrophobic chain (PSF80) seemed to be not a good configuration for formation of nanoemulsions as compared to the straight chain (PSF60) [@bib0025], [@bib0026]. This might be attributed to the shorter path of penetration into the oil droplets. The long straight chain as indicated in PSF60 should provide a longer path of penetration. It was also noted that the multiple hydrophobic chains as observed in all grades of PCO could facilitate the formation of nanoemulsions. Therefore, it might be reasonable to conclude that the long, straight and multiple chain of surfactants could assist the adsorption into the interface of oil droplets and help stabilization of SMO-VCO nanoemulsions.

3.2. Effect of amount of PCO40 on droplet size of SMO-VCO emulsions {#sec0014}
-------------------------------------------------------------------

One of key parameters for fabrication of stable emulsions is the amount of surfactant. The surfactant should be sufficient to provide protection of oil droplets against coalescence [@bib0027]. In order to evaluate the influence of PCO40 concentration on the droplet size, the SMO-VCO (50:50) blend oils with a fixed total amount of 10% (w/w) were prepared at the concentration range of PCO40 from 2.5% to 20% (w/w) as shown in [Fig. 4](#fig0004){ref-type="fig"}A. With an increasing of PCO40 concentration, the droplet size was dramatically reduced at the initial amounts from 2.5% to 5.0% (w/w) and approached the plateau at the concentration from 10% (w/w). The smallest droplet size of 55.8 ± 2.4 nm was obtained from the system using 20% (w/w) of PCO40. The results were in good accordance with the formation of [d]{.smallcaps}-limonene based nanoemulsions as described by Zahi et al. [@bib0028].Fig. 4Influence of (A) PCO40 concentration and (B) oil loading on droplet size of SMO-VCO nanoemulsions.Fig 4

Generally, the ultimate size of oil droplets is dependent on the balance of 2 concomitant and opposing processes, i.e. droplet break up and coalescence. Droplet will break up by the shearing force while the coalescence can occur spontaneously which is due to the increased interfacial tension if the surface of oil droplets are not well protected. The final droplet radius (*r*) could be well explained by the Taylor\'s equation. *r*--*γ*/(*η~c~γ*˙), where *γ* is the interfacial tension, *η~c~* is the continuous phase viscosity and *γ*˙ is the shear rate [@bib0013]. In this case, the increased amount of PCO40 at the boundary of oil to water interface should be a possible explanation of reduced interfacial tension and generation of small droplets. Additionally, the absorption of surfactants at the oil surface should provide the steric hindrance due to the hydrophilic heads of PCO40 as described in [Section 3.1](#sec0013){ref-type="sec"}. It should be also noted the required amount of surfactant for formation of nanoemulsions in this study was very low (5%, w/w) as compared with other reports [@bib0029], [@bib0030], [@bib0031]. The results suggested that another factor including the nature of oil phase might also have an influence on the formation of SMO-VCO nanoemulsions.

3.3. Effect of oil loading on droplet size of SMO-VCO emulsions {#sec0015}
---------------------------------------------------------------

The influence of percent of oil phase on the droplet size was further investigated by preparing a series of emulsions containing SMO-VCO (50:50) with a fixed amount of 5% w/w PCO40 and varied oil loading between 5% and 40% w/w. As illustrated in [Fig. 4](#fig0004){ref-type="fig"}B, the droplet size was significantly increased as increase of percent oil loading. The droplet size of emulsion exceeded the nano scale (\>1000 nm) as increasing percent of oil above 25% (w/w). This finding was well corresponded with those observed in the influence of amount of surfactants and related reports [@bib0032], revealing that the optimum ratio of oil to surfactant was also a critical factor for formation of nanoemulsions.

The increment of droplet size might be explained by the similar reasons as described in [Section 3.2](#sec0014){ref-type="sec"}. As increasing the oil loading, the amount of the limited surfactant should not be enough to completely cover the oil droplet and prevent the re-coalescence during processing.

3.4. Morphology of nanoemulsions {#sec0016}
--------------------------------

The photomicrographs as observed through an optical microscope of SMO-VCO emulsions containing 20%--30% (w/w) oils are illustrated in [Fig. 5](#fig0005){ref-type="fig"}A. The large globular droplets having the similar size with those measured by laser light scattering were clearly observed in the emulsions containing 30% (w/w) oil. The droplet size had a tendency to decrease as decreasing oil loading although the droplets were not obviously seen, especially for emulsions containing oil less than 25% (w/w). The result suggested a limit of optical microscopy for characterization of fast Brownian movement of sub-micron size oil droplets. In this study, AFM was selected as an alternative tool for the characterization of morphology of oil droplets in the submicron range. The AFM images of SMO-VCO nanoemulsions with different oil loading between 5% and 15% (w/w) are illustrated in the [Fig. 5](#fig0005){ref-type="fig"}B. Similarly as observed by optical microscopy, the round oil droplets with a decrease in size were observed as decreasing the percent oil loading. Additionally, the size of droplets was well correlated with those measurements by particle size analyzers. The result confirmed that the droplets were spherical shape even downsizing to less than 100 nm.Fig. 5(A) Optical microscopic images of SMO-VCO (50:50) nanoemulsions containing 20%, 25% and 30% (w/w) oils, (B) AFM images of SMO-VCO (50:50) nanoemulsions containing 5%, 10% and 15% (w/w) oils.Fig 5

3.5. Effect of oil phase composition on droplet size of SMO-VCO emulsions {#sec0017}
-------------------------------------------------------------------------

According to the result described in [Section 3.2](#sec0014){ref-type="sec"}, the formation of SMO-VCO (50:50) nanoemulsions easily occurred at the uncommon low level of surfactant which implied that the oil phase, especially ratio of SMO to VCO, might also affect the properties of corresponding emulsions. In order to elucidate this factor, the emulsions with different SMO-VCO ratios were prepared and comparatively evaluated for their droplet size as presented in [Fig. 6](#fig0006){ref-type="fig"}. The systems containing only VCO (SMO-VCO 0:100) or only SMO (SMO-VCO 100:0) showed milky emulsions with the droplet size of 4.3 and 7.5 µm, respectively. However, the emulsions with SMO-VCO at the ratio from 40:60 to 80:20 showed transparent nanoemulsions with nano scale droplet size (50--70 nm). The results demonstrated that oil phase composition (SMO-VCO ratio) played an important role for the formation of nanoemulsions, especially at low amount of surfactant. Our finding was supported by several studies. Chang and McClements reported that orange oil alone could not produce stable emulsions while the transparent nanoemulsions were only formed if 30%--50% w/w orange oil were blended with medium chain triglyceride [@bib0033]. Similar results were also observed with other volatile oils including pine oil [@bib0032], peppermint oil [@bib0034], and thyme oil [@bib0035].Fig. 6Influence of SMO-VCO ratios on droplet size of nanoemulsions containing 10% w/w PCO40 and 10% (w/w) oil loading.Fig 6

Ostwald ripening is widely accepted as a major destabilizing mechanism of nanoemulsions. This phenomenon relates with the growth of oil droplets through the continuous phase in which the ripening rate could be explained by the following equation [@bib0036], [@bib0037]. $$r^{3} - r_{0}^{3} = \omega t = \frac{4}{9}\alpha cDt$$where *r* is the mean droplet size, *ω* is the Ostwald ripening rate, *c* is the solubility of the oil in the aqueous phase, and *D* is the diffusion coefficient of the oil through the aqueous phase. *α* = 2*γV~m~/RT* (*γ* is the interfacial tension, *V~m~* is the molar volume of the oil, *R* is the gas constant, and *T* is the absolute temperature). Consequently, the Ostwald ripening is mainly driven by *V~m~* and *c* especially when diffusion coefficient, governed by the viscosity of dispersed phase, is comparatively unchanged.

With regard to the chemical structure of oil phase, the carvone, major component found in SMO [@bib0038], is a small non-polar molecule (MW = 150) as compared to trilaurin (MW = 639) which is the main triglyceride of VCO [@bib0039]. The calculated value of XLOGP3-AA (computation of octanol-water partition coefficients) of carvone and trilaurin was 2.4 and 15.4, respectively [@bib0040], [@bib0041]. The *V~m~* and *c* of SMO was therefore expected to be higher as compared to those of VCO and these might be a reasonable explanation for the faster Ostwald ripening rate and larger droplet size of emulsions containing pure SMO as compared to those containing only VCO. With an increase fraction of VCO from 10% to 50% of total oil, the droplet size was decreased from 888 nm to 47 nm, disclosing the ability of VCO to retard Ostwald ripening. The results might be explained by the influence of entropy of mixing that could be opposed to the droplet growth as previously described in earlier reports [@bib0036], [@bib0042]. Considering the O/W emulsions comprising lipids with different water solubility, the molecules of higher water solubility oil (SMO) could more easily diffuse from the small droplets to larger droplets due to Ostwald ripening. Accordingly, the fraction of SMO in the larger droplets would be increased. The difference of oil composition among droplets of various sizes was thermodynamically unfavorable because of entropy of mixing. As a result, there was a thermodynamic force that drove in the opposite direction of Ostwald ripening effect.

Nonetheless, the prevention of Ostwald ripening as described above could not completely explain the phenomena observed in the emulsions, especially after incorporation of VCO more than 50%. The droplet size still had a tendency to increase as increasing VCO fractions. The mechanism related to this finding was still unclear. The possible explanation might be related to specific compatibility between the surfactants and oil phases which need to be further investigated.

3.6. Investigation of interaction by NOESY NMR measurements {#sec0018}
-----------------------------------------------------------

NMR spectroscopy is commonly applied for structure elucidation as well as intra- and intermolecular interactions. For the interaction, several technics including a 2D-NOESY which provides information on two non-bonded protons that are within 5 Å in space [@bib0043] have been employed as a tool for studying the interaction among molecules. In this study, 2D NOESY was also used to investigate the interactions between PCO40 with SMO-VCO blended oils.

The ^1^H-^1^H NOESY spectrum of each component in the SMO-VCO (50:50) nanoemulsions is illustrated in [Fig. 7](#fig0007){ref-type="fig"}. The signal assignments along with the chemical structures of main compounds in VCO (trilaurin), and PCO40 are indicated with the capital letters and small caps, respectively while those for SMO (carvone and limonene) are shown by the integer numbers. Trilaurin showed the characteristic chemical shifts at about 4.0 ppm (A, C), 5.0 ppm (B), 2.0--2.2 ppm (D) and 1.0--1.5 ppm (G) which attributed to the methylene protons and methine protons of lauric acid side chains. PCO40 demonstrated signals of methylene protons of the hydrophobic hydrogenated ricinoleic side chain at chemical shifts around 1.0--1.5 ppm (c, e) and signals of oxymethylene protons of the hydrophilic polyoxyethylene chain at 3.5 ppm (g, h). SMO showed complicated NMR spectrum because it consisted of at least two major components including carvone and limonene. The ^1^H signals of carvone and limonene are assigned by integer numbers with green and blue colors, respectively. As obviously shown by a number of cross peaks in 2D-NMR, the interaction among the functional groups of PCO40, VCO and SMO was revealed. For examples, cross peaks were observed between *f*~1~ (g, h) peaks of PCO40 with *f*~2~ (A, C), *f*~2~ (D) and *f*~2~ (G) of VCO (as indicated by *α*~1~, *α*~2~ and *α*~3~, respectively). Additionally, the disappearance of cross peak of *f*~1~ (g, h) and *f*~2~ (B) was indicated. The results suggested the interaction between PCO40 and VCO. The interaction between PCO40 and SMO was also detected. The cross peaks between *f*~1~ (c, e) of PCO40 and *f*~2~ (2′) of limonene and those between *f*~1~ (g, h) of PCO40 and *f*~2~ [(2)](#eqn0002){ref-type="disp-formula"} of carvone were discovered (as indicated by the *β*~1~ and *β*~2~).Fig. 7^1^H-^1^H NOESY spectrum of SMO-VCO (50:50) nanoemulsion.Fig 7

With regard to the result of NMR, it might be reasonable to conclude that the PCO40 should be strongly absorbed at the interface of oil droplets by the interaction between PCO40 with both VCO and SMO. Consequently, the surfactant layer of PCO40 should completely cover the surface of the oil droplets and thus prevent from coalescence, resulting in the stabilization of nanoemulsions.

3.7. Cytotoxic activities against oral cancer cell of SMO-VCO emulsions {#sec0019}
-----------------------------------------------------------------------

In order to study the feasibility of nanoemulsions as cytotoxic carriers for targeting oil to the oral cancer cells, the percent cell viability of KON cell line after being exposed to nanoemulsions containing various ratios of SMO-VCO and control samples was comparatively evaluated as shown in [Fig. 8](#fig0008){ref-type="fig"}. The PCO40 solution (containing the same amount of surfactants as found in emulsions) did not clearly affect the cell viability while the percent cell viability was decreased to less than 50% after treated with a positive control sample (5-FU solutions). For emulsions containing only VCO (SMO-VCO 0:100), the percent cell viability was not clearly different from that treated with PCO40 solution (negative control) while it significantly decreased as increasing the SMO fraction in oil phase, suggesting the good feasibility of nanoemulsions as carriers for targeting SMO to destroy oral cancer cell. Additionally, the findings revealed the dose dependent relationship between amount of SMO and cytotoxic effect regardless of droplet size. Nevertheless, the SMO-VCO (100:0) emulsions were unstable. Therefore, SMO-VCO (80:20) nanoemulsions which contained maximum SMO loading and demonstrated good physical stability were therefore selected for further studies.Fig. 8Viability of KON cell after treated with 0.5%(v/v) nanoemulsions with different SMO-VCO ratios, 0.5% (v/v) of 10% (w/w) PCO40 solutions (negative control) and 20 µg/ml 5-FU (positive control).Fig 8

The influence of SMO-VCO (80:20) nanoemulsions on cell morphology was elucidated to confirm the cytotoxic effect and the mechanism of cell death as shown in [Fig. 9](#fig0009){ref-type="fig"}. The KON cells were treated with nanoemulsions at the concentration which did not completely kill the cells, *i.e*. at the levels of IC~60~ and IC~80~ and then comparatively observed for their morphological change. As presented in [Fig. 9](#fig0009){ref-type="fig"}A, the untreated group demonstrated healthy cells with good attachment to the well surface as indicated by good spreading and flattened morphology. However, after treated with SMO-VCO nanoemulsions, the loss of cell adhesion and cell shrinkage was clearly observed. Similar result was also clearly indicated in the cells treated with 5-FU. The result confirmed the cytotoxic effect of SMO-VCO nanoemulsions. Besides, the mechanism of cell death, which related with the nucleus fragmentation, was also investigated by staining with DAPI probes as indicated by the fluorescent images in [Fig. 9](#fig0009){ref-type="fig"}B. The nucleus fragmentation was clearly found in KON cells after exposure to either SMO-VCO (80:20) nanoemulsions or 5-FU solution. The result implied that the mechanism of cell death might be related with apoptosis. However, another supportive technic still need to be employed for further evaluation of the exact mechanism.Fig. 9(A) Bright field microscopic images of KON cancer cells after treated with control, SMO-VCO (80:20) at IC60 concentration, SMO-VCO (80:20) at IC~80~ concentration, and 20 µg/ml 5-FU, (B) Fluorescent images of KON cancer cells after treated with control, SMO-VCO (80:20) at IC60 concentration, SMO-VCO (80:20) at IC~80~ concentration, and 20 µg/ml 5-FU; White and red arrows show normal nucleus and nucleus fragmentation, respectively.Fig 9

4. Conclusions {#sec0020}
==============

The SMO-VCO nanoemulsions with cytotoxic activity against oral cancer cell were successfully fabricated in this study. The finding disclosed the critical factors affecting the formation of stable nanoemulsions including type of surfactants, oil loading and SMO-VCO ratios. The most suitable surfactant for encapsulation of SMO-VCO blended oils was PCO40 which provided the most stable nanoemulsion. The SMO-VCO ratios which indicated the transparent nanoemulsion with droplet size less than 80 nm were in the limited range from 40:60 to 80:20. Additionally, the selected SMO-VCO nanoemulsions (80:20) demonstrated the cytotoxic effect against KON cells in which the mechanism might be the apoptosis. Therefore, the study revealed the good feasibility of SMO-VCO nanoemulsions as novel carriers for treatment of oral cancer.
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[^1]: \*Polyoxyethylene alkyl ethers (PAE): polyoxyl 2 stearyl ether (PAE2), polyoxyl 4 lauryl ether (PAE4), polyoxyl 25 cetostearyl ether (PAE25)

[^2]: Polyoxyethylene sorbitan fatty acid esters (PSF): polyoxyethylene 20 sorbitan monolaurate (PSF20), polyoxyethylene 20 sorbitan monostearate (PSF60), polyoxyethylene 20 sorbitan monooleate (PSF80)

[^3]: Polyoxyethylene caster oils (PCO): polyoxyl 35 castor oil (PCO35), polyoxyl 40 hydrogenated castor oil (PCO40), polyoxyl 60 hydrogenated castor oil (PCO60).
